Size effects are the main problem in micro-forming process and material behavior with miniaturization of feature size. In the paper, size effects of grain size and foil thickness on deformation behavior and fracture were investigated by using micro tensile test of SUS304 foil. The results show that the yield strength of SUS304 stainless foil increases with the decrease of foil thickness and grain size in micro tensile tests. Meanwhile, the fracture mechanism of SUS304 foil changes from ductile fracture with lots of dimples to ductile fracture with slip separation with the decrease of foil thickness. A compound material model by considering grain size, foil thickness and surface effects is proposed and constitutive relation of SUS304 foil is established. The calculation curves well match with experimental results.
Introduction
With the development of micro-electromechanical system (MEMS), micro-forming is one of suitable approaches to fabricate micro-parts due to the advantages of high productivity, low cost, near-net-shape and excellent mechanical properties. 1) However, when the feature size of microparts is reduced from macro-scale to micro-scale, the plastic deformation behavior is determined by only a few grains located at the deformation regions and size effects occur.
2)
The conventional material models are no longer valid in the analysis of deformation behavior of micro-forming. 3) In order to investigate size effects in micro-forming, a lot of researches have been conducted. Geiger et al. 4) presented a keynote paper on micro-forming in 2001 and conducted a comprehensive review of micro-forming technology. Kals and Eckstein 5) studied the size effects in tensile test, air bending and micro blanking of sheet metal by means of miniaturization methods according to similarity theory. Further research of Raulea et al. 6) showed that the yield strength is related with the ratio of grain size to specimen thickness and a strong increase of variation occur with the increase of grain size. Shan et al. 7) investigated the size effects of foil thickness and grain size on material behavior in micro-bending. Eckstein et al. 8) established surface layer model to explain the size effect of flow stress in micro sheet forming. In addition, Geißdörfer et al. 9) proposed a mesoscopic model by considering the grain boundary condition and anisotropic material behavior to simulate the size effect in micro forming. Peng et al. 10) established an uniform size dependence constitutive model to investigate the size effect in thin sheet micro-forming process. Wang et al. 11) proposed a new constitutive model considering the first order size effects for micro sheet metal forming combining the Hollomon equation and HallPetch relationship. Chan and Fu 12) presented a dislocation density models considering the interactive effect of specimen and grain size on fracture stress and strain. Liu 13) investigated the surface atomic relaxation properties of sphalerite by using first principle. Zhao et al. 14) described the size effect on fracture behavior based on the composite model concerning the grain boundary and grain interior. Xu et al. 15, 16) investigated the size effects of grain size and foil thickness on deformation behavior and fracture in micro-blanking and the results showed that the ultimate shearing strength was decided by the ratio of clearance to grain size. Among the prior studies, there is a lack of indepth study on the interactive influence of specimen and grain size on the deformation behavior and fracture in micro sheet metal forming process.
Stainless steel is a popular material for MEMS components due to its excellent properties as regards strength, good plasticity and corrosion resistance. In this paper, micro tensile tests of SUS304 stainless steel foils were conducted to study the size effect on the deformation and fracture behaviors in micro forming.
Experimental Material and Procedure

Material
Stainless steel SUS304 foil is selected as the testing material due to its wide application in MEMS devices. The chemical compositions are shown in Table 1 .
The as-received SUS304 foil thicknesses are ranged from 20 to 100 µm. In order to obtain different grain sizes, the specimens were put into a vacuum glass tube with 10 ¹3 Pa and then were annealed in heat treatment apparatus at the temperature ranging from 900 to 1100°C kept for from 15 to 60 min. The heat-treated foils were etched with a solution of 20 ml HF, 10 ml HNO 3 and 70 ml H 2 O for 30 s. The microstructures of cross-section of 80 µm in thickness were Table 2 for the heat treatment with the temperature of 900, 950, 1000 and 1100°C, respectively. The microstructure distributions across the direction of foil thickness are shown in Fig. 1 and the results show that there are only two or three grains in the cross-section of thickness direction.
Process
The stainless steel foil was cut to dog bone shape by electrical discharge machine (EDM) for micro tensile test and the dimensions were shown in Fig. 2 . The measuring length of tensile specimen is 25 mm and the free specimen length is 70 mm. The transition radius R is 7.5 mm to reduce the stress concentrations. Electro-polishing process parameters with a voltage of 4.8 V and a current of 0.7 A were adopted with the solution of 60 ml HNO 3 , 25 ml H 2 SO 4 and 15 ml H 2 O for micro tensile specimens due to the dirty surface and course cross-section after EDM.
The micro tensile tests were conducted at room temperature in the material testing apparatus with a non-contact strain measurement by video extensometer, 17) which is suitable for the micro tensile testing of foil specimen. Since the deformation behavior of SUS304 is sensitive to strain rate, a low tensile velocity of 2 mm/min for all the specimens was used in the paper. It is assumed that the strain rate effect could be neglected. Figure 3 shows the relationship between the true stress and true strain with the different foil thickness after the heat treatment of 900°C. From the picture, we can see that the flow stress trends to increase when the foil thickness decreases from 100 to 20 µm and the results demonstrate the phenomenon of "much thinner and much stronger". The similar results were found in micro tensile tests of foils after other heat treatments. The tendency was also observed for different materials such as Cu and Al foil. 18) The size effect of specimen geometrical dimension on micro-tensile test can be explained by into the Swift model, 19 ) Where, K is hardening index, ¾ 0 is initial strain and n is working hardening index. The material parameters related to the Swift model for each thickness are presented in Table 3 and Fig. 4 . The results show that the elongation ¤, K and n increase with increasing of foil thickness. The calculated values are consistent with the experimental curves of micro tensile test of stainless steel foil of 100, 80 and 50 µm in thickness. However, the calculated value is lower than the experimental curve due to ignoring the effects of surface layer. Figure 5 shows the effect of grain size on flow stress of micro tensile of 80 µm thickness stainless steel. The results show that the flow stress decreases with the increasing of grain size, which can be explained with the surface grain weakening model. 8) The grain grew up and strength decreased with increasing of heat treatment temperature. According to the surface layer theory, with the increase of grain size while keeping the foil thickness constant, the share of surface grains increases, which results in the decreasing of flow stress.
Results and Discussions
From the results of Figs. 3 and 5, size effects of deformation behavior in micro tensile of SUS304 stainless steel were not only related with foil thickness, but also related with grain size and the properties of grains in the surface layer of metal foil, which result from the joint effect of thickness, grain size and surface properties. To explain the size effect of deformation behavior in micro tensile of SUS304 foil, a mixed material model proposed by Lai et al. 20) based on surface layer model was adopted with a surface grain factor £,
here, N s is the number of surface grains and N is the total number of grain size in SUS304 foil. The material model was expressed by a size independent term · ind and a size dependent term · dep .
where · y is the yield strength; the term · ind is described by a polycrystal material model considering surface grain properties, whereas it is not related with featured size; the term · dep is a dependent model related with the size factor £;¸R is the critical shear stress of a single crystal; M (M = 3.06 for FCC crystal) and m ðm ! 2Þ are constant; k is the intensified stress to propagate general yield across the polycrystal grain boundaries and d is the grain size. Therefore, the eq. (3) can be used to describe size effect in micro tensile with a conventional polyscrystal materials model. In order to analysis the effects of strain gradient strengthening and surface grain weakening in one material model, surface layer geometrical model was established by dividing surface grains and internal grains as shown in Fig. 6 . The number of surface grains can be expressed as where w is the width of metal foil, t is the thickness of metal foil and S is the area of single grain. The total number of grain size N ¼ wt S . Thus £ can be expressed as
In micro tensile test, the foil width w is much larger than the thickness t ðw ) tÞ and the width is also much larger than the grain size d ðw ) dÞ. Therefore, the eq. (2) can be expressed as
Combined the eqs. (3) to (6), the yield strength of SUS304 foil can be described by
here, m is taken the minimum value of 2 and M is taken 3.06. According to the experimental results, the¸R and k of SUS304 stainless foil can be obtained by least squares fitting method as follows,¸R
Thus, the constitutive relation of SUS304 foil can be simplified with eqs. (7) and (8),
Here n is working hardening exponent, n = 0.71. A and B are constants related with grain size and foil thickness. Figure 7 shows the relationship of flow stress of SUS304 foil with different grain size in micro tensile. The calculation curves by using the compound materials model match very well the experimental results, which verified the material model validity by considering the effects of the grain size and thickness.
The effects of foil thickness and grain size on micro tensile behavior of stainless steel foil can be explained by the surface layer theory. There are a few grains along the direction of foil thickness with the thickness decreasing of stainless steel foil with fine grain as shown in Fig. 8(a) . However, there is a passivation layer in the surface of stainless steel foil and the effects on mechanical behavior also can't be ignored when the foil thickness is decreased to micro-scale. The effects of strain gradient strengthening by passivation layer with much higher strength are much larger than that of surface grain weakening in micro tensile test of stainless steel foil. Therefore, the passivation layer as the dislocation block leads to a higher flow stress with decreasing of foil thickness. 4, 21) However, when the stainless foil is annealed at high temperature, the grain size becomes larger and the material property is softened. Thus, there are only a few grains along the thickness direction for the stainless steel foil of 80 µm in thickness as shown in Fig. 8(b) . And the passivation layer thickness is much thinner compared with the large grain size and its effects can be ignored. From the metal physics theory it is known that free surface grains show less hardening compared to the internal grains due to the different mechanisms of dislocation movement and pile-up. The surface grains are less subjected to compatibility restrictions and the flow stress decreases with the increasing of grain size. In order to investigate the fracture mechanism of micro tensile of SUS304 stainless steel foil, the fracture morphology of specimen was observed by SEM. Figure 9 demonstrates the SEM fracture photographs of micro-tensile test samples with the foil thickness of 100, 80, 50 and 20 µm. The results show that the number of dimple in fracture surface decreases with decreasing of foil thickness and there is no dimple found in the case with the foil thickness of 20 µm and the slip band and the typical knife edge rupture can be clearly observed on the fracture surface.
The results indicate that the fracture mechanism changes from ductile fracture with lots of dimples to ductile fracture with slip separation with the decreasing of foil thickness, which is consistent with fractograph of the tested copper samples in the report of the reference.
22 ) The reason has been analyzed and the facts show that there are one or two grains in the thickness direction when the foil thickness is reduced to 20 µm. The decrease of grain number leads to the localized deformation at the fracture region. The different grain orientation in the cross section leads to shear deformation and coordination much more difficultly and cross-slip is easy to form because the grains are constrained and hampered among the grains. With the increasing of foil thickness, the grain number and grain boundaries increase. The grain boundaries act as an obstacle to dislocation movement. The shear stress concentrates at the grain boundary regions and causes the parabolic dimple formation during micro tensile process. Thus the dimples increase with the increasing of foil thickness. These fracture size effects also can be found in micro-blanking of metal foils. 
Conclusions
(1) The yield strength of SUS304 stainless foil increases with the decrease of foil thickness and grain size in micro tensile tests.
(2) A compound material model by considering grain size, foil thickness and surface effects is proposed and constitutive relation of SUS304 foil is established. The calculation curves well match with experimental results.
(3) With the decrease of foil thickness, the fracture mechanism of SUS304 foil changes from ductile fracture with lots of dimples to ductile fracture with slip separation. 
